I. INTRODUCTION

F
LIP chip interconnection is one of the most promising electronic packaging technologies which facilitates die size package, high I/Os, and good electrical performance. In the flip chip interconnection using solder bumps, the under bump metallurgy (UBM) is required because it should provide multiple functions such as adhesion, diffusion barrier, and solder wettable layer. However, intermetallic reaction between the solder and the UBM during the manufacturing process may cause potential reliability problem of the flip chip interconnection. To attain highly reliable flip chip interconnection especially for the fine pitch interconnection, it is very important to choose proper UBM system that fits the solder materials.
Environmentally friendly production of electronic components and devices is another factor to be taken into account in the future solder flip chip technologies. Currently used lead-containing solders are the potential risks to the global environment, and they should be replaced. In this study, the eutectic 43Sn/57Bi is selected as one candidate to replace the eutectic 37Pb/63Sn solder. The eutectic Sn/Bi has low melting point (139 C) and low CTE value ( C) compared to 183 C and C of eutectic Pb/Sn. Therefore, this material is quite applicable to the case where low temperature process or low thermal damage is required [1] .
To fabricate solder bumps, electroplating method was adopted in this work; this technique is a good solution for the fine pitch ( m) flip chip bumping process. The number of solder reflow is usually variable because assemblying high performance electronic systems containing microprocessor chips, numbers of supporting RAM chips, and capacitors may experience several reflow and rework cycles [2] . In this study, the interface reaction and its effect on the bump shear strength up to 10 times reflow were investigated on four UBM systems with electroplated 57Bi/43Sn and 37Pb/63Sn solder bumps. Table I shows the composition and thickness of each layer of UBM systems investigated in this study. The sputtered Al 1 m layer was introduced to mimic I/O pads on the Si wafer. In type 1 and 2 UBMs, 0.2 m thick Ti or NiV was sputter deposited as a barrier layer on the Al metallization; and 1 m thick Cu was sputter deposited on the top surface to have good wettability with solder bumps. All sputtered layers were deposited without breaking the vacuum. The electroless Ni/immersion Au and the sputtered Ti/electroless Cu systems on sputtered Al layer were also introduced as low cost UBM alternatives.
II. EXPERIMENT
A. Selection of UBMs
B. Bump Formation and Reflow Condition
100 m diameter bumps with 50 m pitch were fabricated by an alloy electroplating method [3] . The polyimide, PIQ, was used as a passivation layer on Al metallization. For electroless Ni/Au and Ti/electroless Cu UBMs, blanked Al layer under the polyimide passivation was used to serve as a plating base for the Bi/Sn or Pb/Sn plating process. Alloy plating conditions of eutectic Bi/Sn and Pb/Sn, introduced by Suh, were used in this study [4] . Fig. 1(a)-(d) shows the patterned thick photoresist, plated solder bumps before solder reflow steps, eutectic Pb/Sn solder bumps, and eutectic Bi/Sn solder bumps after reflow process, respectively. The temperature, 8% above the melting point in Kelvin scale, was selected to be the maximum reflow temperature for both solder materials:
C maximum temperature for the eutectic Pb/Sn solder and C for the Bi/Sn solder. The 110 s dwell time-duration above the solder melting point-was used for 1 reflow step.
C. Interface Analysis
Interface reactions, especially the IMC growth behavior, were investigated as a function of solder reflow numbers up to ten times. Solder reflowing was proceeded in a three-zone infrared solder reflow oven. The conventional cross-sectional images were prepared for each combination. To investigate their three-dimensional (3-D) intermetallic compound (IMC) images via scanning electron microscope (SEM), the unreacted solder bumps were etched in the mixture of hydrochloric acid and nitric acid solution as shown in Fig. 2 . The energy dispersive x-ray (EDX) analysis was also employed to examine the composition of IMC layers at the interfaces. The phases of IMC layers for eight different systems were identified using the Rigaku x-ray diffractometer with a Cu target.
D. Bumpl Shear Test
To evaluate the UBM and solder bump mechanical reliability, the bump shear strengths of various UBM/solder combinations were tested as a function of solder reflow using a Dage 2400 shear tester. For each condition, 100 bumps were tested and the average and standard deviation values were summarized. The test conditions were 5 m the test height from the passivation layer and 500 m/sec traveling speed.
III. RESULT AND DISCUSSION
A. UBM/Solder Interface Analysis
Top and cross-sectional views of IMC (Intermetallic Compound) phases of eight UBM/solder combinations after the tenth solder reflow are shown in Figs. 3 and 4 , respectively. According to the SEM and EDX analysis, scallop-like smooth Cu Sn IMC grains were observed at the interfaces between solder and Cu containing UBMs as reported elsewhere [5] - [7] . At the interface between electroless Ni and solder, thin whisker shaped Ni Sn IMC was detected and it is also coincide with other references [8] - [10] . These IMCs are reportedly known as the primary IMC phases at the interface of Cu/Sn and Ni/Sn. Figs. 5 and 6 are representing XRD patterns of 4 UBM systems after 10th reflow with Pb/63Sn and Bi/42Sn solder bumps respectively. Table II summarizes the detected IMC phases of each UBM/solder combination through the analysis. Not counting the Pb, Sn, and Bi peaks as the main peaks, Pb/Sn XRD patterns have more IMC peaks than Bi/Sn for all UBM cases. This means the eutectic Pb/Sn interfaces with various UBMs have larger amount of IMC phases than Bi/Sn. The secondary IMC phases such as Cu Sn and Ni Sn were mainly detected only on eutectic Pb/Sn bumps. The other difference between Pb/Sn and Bi/Sn solder is that the grain size of IMC formed at the interface between the Pb/Sn solder and UBM is usually bigger than those of Bi/Sn solder. These two differences are presumably induced by the reason that the Pb/Sn solder has higher reflow temperature (220 C) than Bi/Sn solder (172 C).
The other feature that should be noted in Fig. 3 is that the morphology of Ni Sn is very different from that of Cu Sn . The Cu Sn grains mostly have smooth surface, so-called scalloplike shape, but the Ni Sn grains show facet surface. Kim et al. explained the scalloplike Cu Sn grain shape is caused by grain ripening flux due to Gibbs-Thomson effect [11] , [12] . However, the mechanism cannot explain the thin whisker and facet shape of Ni Sn IMC morphology. The grain ripening flux should be ignored on Ni-Sn IMC growth, and the new IMC growth kinetic mechanism about Ni Sn IMC growth is needed. Jackson classified the solidifying interfaces into two groups in pure metallurgy system: smooth interface and facet interface [13] . The smooth interface atoms have higher thermal energy than their bonding energy, which means the atoms can move relatively free. It has been reported that Ni-Sn IMC has higher formation activation energy than Cu-Sn IMC in other studies [14] , [15] . This indicates Ni-Sn IMC has higher binding energy than Cu-Sn IMC. It can be the reason of the facet grain interface of Ni-Sn IMC, and further study is needed to explain both Cu-Sn and Ni-Sn IMC growth mechanism.
B. Bump Shear Test
The average bump shear strength, measured at each UBM system according to the number of reflow, were listed in Table III with their standard deviations. For Al/Ti/Cu and Al/NiV/Cu UBM, shear strengths were relatively very low and their failure mode is the Mode V, shown in Fig. 7 , on both Bi/Sn and Pb/Sn bumps. Analysis on the fractured surfaces by SEM and EDX indicates that fracture occurs on the Ti/Cu interface for the Al/Ti/Cu UBM as evidenced by the presence of Si, Al, and Ti. In the case of Al/NiV/Cu UBM, failure occurs at the NiV/Cu interface as shown from the presence of Si, Al, and Ni. Cu was not detected at the both UBM cases. This means that the failure was occurred between Cu and barrier layer (Ti or NiV). Bump shear strength values decreased abruptly, and fracture mode also changes only after the 1st reflow. In our earlier study on eutectic Pb/Sn solder bumps with Al/Ti/Cu UBM, the bump shear strength was decreased slowly, and the shear strength of Al/NiV/Cu UBM didn't show any significant drop down [16] . The main difference is that we introduced polyimide passivation layer and UBM etching step while only UBM metallurgy layers were used in our previous study. Therefore, we made process-simplified samples of Al/Ti/Cu and Al/NiV/Cu metallurgy without passivation layer and etching processes to investigate the UBM/solder interfacial effect only. The bump shear results of the new simple structure samples are shown in Table IV . The table shows that bump shear strength of the Al/NiV/Cu UBM did not decrease abruptly but rather retained relatively high value as much as 85-98 -force even with the multiple reflow steps. The Cu 1 m layer is consumed by IMC growth, but the NiV layer under the Cu is also reactive with solder and forms chemical bond such as Ni-Sn IMC as we have detected through our XRD analysis. However, the shear values of the Al/Ti/Cu UBM dropped from 91.2 to 37.4 -force for Bi/Sn bumps and from 85.8 to 30.2 -force for Pb/Sn bumps as the number of reflow increases. The shear strength drop of Al/Ti/Cu UBM is caused by complete Cu consumption with IMC growth, and there is no strong chemical bonding force between solder and Ti layer. This new test result agrees well with our previous study and implies that the low shear test values in the UBM system including passivation are not relevant to their metallurgical structure but to the polyimide passivation layer process or the wet etching step to remove UBM layers.
For the Al/electroless Ni/Au UBM, fractures mostly occured at Si/Al or Al/elNi bump interface but neither at the Ni/solder interface nor through the solder. Similar result was also reported by Lin [8] , and it may be attributed to high thermal expansion coefficient of Ni (13.4 ppm/K) compared to Si (4.68 ppm/K) [17] . The bump shear strengths decreased from 38.3 to 27.6 for Bi/Sn bumps and from 39.3 to 20.1 for Pb/Sn bumps as the number of reflow increased. After the 10th reflow, fracture sites are changed from Al/elNi bump interface to the solder itself. It is not clear why the interface adhesion between Al and electroless Ni has increased. We assumed a possibility to form a very small amount of Al-Ni IMC which can be seen in Al-Ni binary phase diagram [18] during repeating reflow steps.
For the Al/Ti/electroless Cu UBM, bump shear strength values of Bi/Sn bumps were higher than those of Pb/Sn bumps, and their fracture mode changes were also different. In case of the Bi/Sn bumps, fracture occurred through the solder after 0, 1, and 5 times reflow and showed very high shear strength values (see Table V ). The fracture modes were switched to mode VII (Si/Al or Al/elCu bump) or VIII (Si cratering) after the 10th reflow. It implies that electroless Cu UBM-Bi/Sn solder bump induce large stress with multiple reflow. In case of the Pb/Sn bumps, bump shear strength values were low as a whole but slightly decreased from 34.3 to 30.5 as the number of reflow increased from one to ten. Fracture mainly occurs at Si/Al or Al/elCu bump neither at the solder nor at Cu/solder interface. That means the value of the bump shear strength in this case indicates the adhesion strength of Si/Al or Al/elCu and not the solder shear value or IMC weakened value. IV. CONCLUSION 1) As a potential candidate to replace a eutectic 37Pb/63Sn solder, eutectic 57Bi/43Sn solder bumps were successfully fabricated using an alloy electroplating method. The four different types of UBM metallurgy for two solder materials were investigated to understand the interface reaction at various UBM/solder in terms of IMC formation.
2) The primary Cu-Sn IMC, Cu Sn -phase, was formed at Al/Ti/Cu, Al/NiV/Cu, Al/Ti/electroless Cu UBM, and the solder interface. The secondary Cu-Sn IMC, Cu Sn -phase, was detected on the Pb/Sn bumps with higher reflow temperature. The Ni Sn IMC was also detected on Al/NiV/Cu UBM on the Pb/Sn bumps. In case of the Al/electroless Ni UBM, the primary Ni Sn IMC was observed on both Pb/Sn and Bi/Sn solder bumps. The Ni Sn IMC phase was detected on Pb/Sn bumps. From the 3-dimensional IMC images, the Ni Sn grains showed sharp and facet morphology; and the Cu Sn grains showed smooth surface.
3) According to the bump shear test results in this study, the kind of IMC phases or their thickness was not the main factor to reduce bump shear strength; but the shear strength decreased slightly as multiple reflow went on with different reasons. The process steps such as pad open area cleanness or UBM etching should be controlled very strictly to have the interface reliability especially in the case of thin sputtered UBMs such as Al/Ti/Cu and Al/NiV/Cu. 4) When we considered only UBM metallurgy stability, Al/NiV/Cu UBM showed higher reliability than Al/Ti/Cu UBM because NiV under Cu layer forms a littile amount of IMC with solder and the Ni-Sn IMC provides strong bond even after the complete Cu consumption. Al/Ti/Cu UBM showed shear strength drop with Cu consumption by IMC growth. 5) The UBMs using electroless Ni or Cu, the interfaces directly related to UBM and solder metallurgy were strong and even Si/Al interface fracture or Si cratering mode has been observed through the bump shear test.
